This paper reports on novel methodologies for the patterning and templated synthesis of virus-structured nanomaterials in two-and three-dimensional microfabricated architectures using the Tobacco mosaic virus (TMV). The TMV is a high aspect ratio biological molecule which can be engineered to include amino acids with enhanced binding properties. These modifications facilitate self-assembly of the TMV onto various substrates and enable its use as a template for the synthesis of nanostructured materials. This work focuses on the combination of this bottom-up biologically inspired fabrication method with standard top-down micromachining processes that allow direct integration of the virus-structured materials into batch-fabricated devices. Photolithographic patterning of uncoated as well as nickel-coated TMV nanostructures has been achieved using a lift-off process in both solvent and mild basic solutions and their assembly onto three-dimensional polymer and silicon microstructures is demonstrated. In addition to these patterning techniques, in situ formation of metal oxide TMV coatings in patterned microfabricated environments is shown using atomic layer deposition directly on the nickel-coated viruses. The biofabrication 'process toolbox' presented in this work offers a simple and versatile alternative for the hierarchical patterning and incorporation of biotemplated nanomaterials into micro/nanofabrication schemes.
Introduction
A highly desirable requirement for the incorporation of nanomaterials in practical technological applications is mass production at low cost as well as the ability to accurately control their properties and arrange them in a highly ordered fashion within a functional device.
Conventional synthesis approaches such as vapor-liquidsolid reactions using catalytic particles, epitaxial methods, electrodeposition, sol-gel and hydrothermal synthesis as well as patterning techniques based on porous templates, e-beam and conventional lithography often have to balance the tradeoff between good control over materials properties, variability and compatibility with successive fabrication steps on one hand and reduced cost on the other [1, 2] . Interestingly, nature offers unique traits for materials synthesis based on novel functionalities that can be imparted on biological structures such as proteins, DNA and viruses. Characteristic attributes of templating approaches that utilize biological building blocks to guide the assembly of inorganic materials include low cost and structural versatility of the biologicals, inherent self-assembly properties, the existence of functional groups that catalyze particle growth and the ability to tune their structure through genetic modifications [3] .
Among these biological molecules, plant and bacteria viruses have attracted notable interest for bionanotechnology applications. In addition to their self-assembly and tunability properties, they show exceptional stability in a wide range of temperatures and pH values and have even been reported to withstand treatment in solvent-water mixtures [4] . Representative examples of biotemplated viral engineering have been achieved with the M-13 bacteriophage virus which has been genetically modified through phage display techniques to include specific peptides for inorganic material binding and nanoparticle fabrication [5] . In this work, we focus on the Tobacco mosaic virus (TMV), a rigid rod consisting of about 2130 identical coat protein subunits stacked in a helix around a single strand of plus sense RNA, leaving a 4 nm diameter channel through the 300 nm long virion axis. The TMV in one of the best-studied viruses and has been extensively used in nanowire fabrication [6] . Previous work by our team has utilized engineered mutations of the TMV to improve coating uniformity of nano-sized particles; more specifically, efficient templates have been achieved through the introduction of one (TMV1cys) or two (TMV2cys) cysteine residues within the virus coat protein open reading frame. Cysteines are amino acids with thiol groups that show enhanced metal binding properties based on strong, covalentlike interactions. Using this methodology, TMV-based wires coated with gold, silver, palladium, platinum, cobalt, nickel as well as multilayer structures of metal-silica-metal particles have been synthesized and shown to self-assemble in a vertical orientation onto gold surfaces [7] . The feasibility of using these coated nanostructures in functional microfabricated devices has been previously demonstrated through the development of a TMV-based nickel-zinc microbattery [8] .
While considerable progress has been achieved in the synthesis of nanomaterials based on biological templates, their integration into high-throughput manufacturing processes is still a concern. Reported approaches include scanning probe and dip-pen nanolithography techniques that utilize cantilever tips to transfer molecules of interest to a substrate through capillary and chemical interactions [9] . Salaita et al demonstrated a novel variation of this technique where 55 000 such tips can be used for parallel patterning thus addressing the time limitation needed for processing [10] . Selective placement of DNA nanowires has been achieved through selfassembly and functionalization with chemical groups as well as DNA hybridization [11] ; this approach has been previously utilized by our group to selectively assemble fluorescentlytagged TMV onto a chitosan-functionalized electrode [12] . An alternative method was presented by Kuncicky et al who demonstrated long-range alignment of TMV conductive fibers by dragging a meniscus of virus suspension on substrates with controlled wettability [13] . Viruses and proteins have also been arranged on substrates through micro-contact printing [14] . This technique uses an elastomeric structure fabricated through soft-lithography which is then wetted with the functional material and stamped on the target substrate. Alternatively, the stamping process has been used to selectively pattern polyelectrolyte multilayers on which viruses can successively assemble [15] . Notwithstanding individual advantages of these methods, they often require special surface treatment (either the target substrate or intermediate layer) which makes them sensitive to processing conditions; they cannot always be scaled up at the wafer level or show compatibility with batch fabrication, attributes very important for large-scale production and device integration.
The work presented in this paper describes a simple and versatile approach for the selective patterning of both metal-coated and uncoated TMV using a lift-off process. The technique requires a single photolithography step and is readily achieved at the wafer level. Additionally, unlike most reported methodologies, the TMV self-assembly and patterning is also performed onto complex out-of-plane microfabricated geometries. Finally, the robustness of the coated TMV is utilized for the in situ synthesis of high surface area vertically-assembled core/shell TMV-nickel/metal oxide nanomaterials using an atomic layer deposition (ALD) coating step, thus expanding the toolbox of available chemistries that can be combined with the viral template. The patterning methodologies and structures presented in this paper are currently integrated by our team in projects that utilize the TMV template as a building block. These include selective patterning of virus receptor layers for gas sensing applications, structuring and patterning of nanostructured Li-ion battery electrodes, and development of hierarchical structures for superhydrophobic and superhydrophilic surfaces; results from these investigations will be the focus of future publications.
Experimental methods

Materials
Silicon wafers (p-type, 4 prepared purified according to standard previously reported methodologies [16, 17] .
TMV patterning
The basic concept of the TMV photolithographic patterning is derived from the conventional lift-off process that is used in the MEMS and semiconductor industry to pattern metallization lines. Photoresist is used to transfer the desired features from an optical mask onto the wafer which is then immersed into a pH 7 phosphate buffer (PBS) solution containing the virus. After TMV self-assembly on the substrate, the photoresist is removed in a solvent or developer solution, leaving TMV only on the patterned surfaces. Depending on the type of TMV nanostructure that has to be patterned (uncoated TMV1cys or nickel-coated TMV1cys), this general approach is modified accordingly to facilitate processing as well as characterization of the samples using high resolution microscopy techniques. Both methodologies are shown schematically in figure 1 and described in detail in the following subsections.
Nickel-coated TMV patterning.
The fabrication begins with evaporation of titanium and gold metal layers on a ptype 4 inch silicon wafer to thicknesses of 10 and 50 nm respectively. This step is followed by photolithography using an optical mask that contains various features (lines, squares and circles) with size and spacing ranging from 100 µm down to 2 µm; this is the minimum feature size that can be obtained from the mask manufacturer for contact alignment. Both positive and negative photoresists (Shipley 1813 and imagereversed AZ5214 respectively) with varying thicknesses were employed. For Shipley 1813, the wafer was exposed in a contact aligner (Quintel Q-4000) with a dose of 180 mJ cm −2 and developed for 30 s in Microposit 352. When AZ514 was used, the wafer was exposed with the mask at 40 mJ cm −2 , post-exposure baked at 125
• C for 45 s and then flood-exposed (no-mask) at 2000 mJ cm −2 to invert the polarity. Development was performed in a mixture of AZ400K developer and water in a 1:6 ratio for 2 min. After development, the three-step viral self-assembly and nickel coating process is performed on cleaved chips as previously described [8] . The chips are placed in a TMV-containing sodium phosphate buffer solution at a virus concentration of 0.1 mg ml −1 and allowed to incubate overnight. After TMV self-assembly, the die are immersed for a few hours in a palladium catalyst solution prepared by mixing a palladium salt (sodium tetrachloropalladate) with PBS (ratio of 1:10 to 1:15) and finally they are coated with nickel in an electroless plating solution in which they are immersed for 3-5 min. The metallization step is followed by treatment of the samples in an acetone bath using ultrasonication.
Uncoated TMV patterning.
The process begins with the photolithography step using Shipley 1813 as the positive resist on a 4 inch silicon wafer with the same optical mask. The photoresist is exposed for 15 s under UV light and then developed with Microposit 352. After development, the wafer is flood-exposed for 30-40 s to allow lift-off in the developer solution. Before metallization, some of the wafers are shallow-etched with Deep Reactive Ion Etching (DRIE) to a depth of approximately 1 µm (figure 1(c)); this small fabricated recess was expected to accelerate the lift-off process and was investigated for comparison with the standard method. E-beam evaporation is then used to deposit thin films of titanium (10 nm) and gold (50 nm) on the wafer. Finally, the wafer is cleaved and the individual chips are immersed in the TMV-containing solution (concentration of ∼0.1 mg ml −1 ) and allowed to incubate overnight. 
Three-dimensional microstructure fabrication
Silicon structures were etched in the STS with a rate of 3 µm min −1 to a depth of 240 µm. The etching mask was a 5.5 µm thick AZ9245 photoresist. The resist was spun at speeds of 1750 rpm for 5 s and 3000 rpm for 40 s and softbaked at 110
• C for 90 s. The wafer was exposed at a dose of 300 mJ cm −2 and developed in a mixture of AZ400K and DI water in a 1:3 ratio. After etching, photoresist was removed in acetone and layers of chrome (50 nm) and gold (250 nm) were sputtered on the substrate in an AJA sputtering unit. The polymer structures were fabricated on silicon wafers which were cleaned in acetone, methanol, isopropyl alcohol and DI water in ultrasonics and dehydrated at 200
• C for 20 min. SU-8 50 was spun at speeds of 600 rpm and 2500 rpm and softbaked at 75
• C with a ramp of 300
• C h −1 for 50 min. Exposure was performed in the aligner for 80 s and post-exposure bake followed under the same conditions as the soft-bake. The wafer was finally developed in SU-8 developer for 10 min with agitation.
Synthesis of core/shell nickel/metal oxide nanostructures using ALD
The nickel-coated patterned chips were placed in a TFS 500 BENEQ™ ALD reactor. The deposition of Al 2 O 3 was performed using alternate pulse sequences of trimethyl aluminum (TMA) and H 2 O at 220
• C while the deposition of TiO 2 utilized tetrakis-dimethyl amido titanium (TDMAT) and H 2 O at 150
• C. The measured deposition rate for these recipes has been determined to be 0.1 nm/cycle for Al 2 O 3 and 0.05 nm/cycle for TiO 2 , close to reported values in literature [18] . The target thickness for both the deposited layers was kept to be 30 nm to enable observation of a notable change with the electron microscopy imaging techniques.
Characterization
SEM images were obtained using a Hitachi SU-70 Analytical UHR FEG-SEM. AFM analysis was done using a Digital Instruments DI-300 atomic force microscope in tapping mode. TEM analysis was done with a JEOL JEM 2100 TEM while EDS was performed with an Oxford INCA 250 system attached to a JEOL JEM 2100F TEM/STEM. The TEM samples were prepared as follows: chips for TEM analysis were prepared on a freshly-cleaved mica substrate where a thin layer of gold has been thermally evaporated to serve as a base for TMV assembly. The ALD-TMV-coated mica substrates were first dehydrated in 70%, 95% and 100% (2 times) acetone for 10 min each time. Spurr's resin was prepared as suggested in [19] 
• C in an oven. Thin sections (70 nm) were obtained with a diamond knife and mounted onto carbon/formvar coated TEM grids.
Results and discussion
Nickel-coated TMV
The patterning approach for the TMV-templated metallic nanostructures is simple and straightforward due to the remarkable robustness of coated viruses in solvents as well as the ability to characterize the samples directly using scanning electron microscopy (SEM). Immersion of the photoresistpatterned nickel-coated chips in an acetone bath followed by ultrasonication results in lift-off of the underlying photoresist layer leaving the nickel-coated viruses onto the patterned surfaces. Figure 2 shows SEM images of the minimum patterned feature size including a close-up view of the textured surface. The SEM images demonstrate that nickel-coated TMV-structured lines with size and spacing as small as 2 µm can be clearly resolved. It is also observed that the metal coating enables nanoscale three-dimensional assembly of the otherwise flat-laying virus resulting in very high surface area patterns. This near-vertical assembly has been explained in detail in previous publications [7, 8] and it is very important in applications such as battery electrodes and fuel cell catalysts where maximum surface area is desirable. The patterning methodology investigated using this lift-off technique is independent of the photoresist polarity or thickness and it is limited only by the minimum mask feature size. While the concept has been demonstrated using nickel coating, the process has also been successfully combined with other similar solution-based coating recipes that were developed by our group. This versatility and simplicity make it a very promising candidate for large-scale manufacturing of nanostructured templates.
Uncoated TMV
Two important considerations had to be taken into account when developing the fabrication process for the uncoated TMV. First of all, extensive treatment of the virus in solvents (commonly used solutions for photoresist removal) can result in structural destabilization of the TMV or other peptides that could be potentially attached on the virion surface; this led to the investigation of alternative methods to remove the polymer masking layer based on less reactive solutions. The second requirement is pertinent to the sample characterization which is conducted with both SEM and atomic force microscopy (AFM) in this experiment so that nanoscale structural effects can be analyzed. Uncoated TMV cannot be viewed with an optical microscope and this necessitates the use of 'alignment marks' to achieve correct placement of the AFM tip on patterned and unpatterned areas. The first concern is addressed by employing positive photoresist during photolithography, since this type can be treated with UV light after fabrication and removed with both solvent and developer mixtures. To facilitate imaging, the base gold layer for TMV assembly is deposited after photoresist patterning (as in standard lift-off) so that discrimination between patterned structures can be made easily.
Two lift-off methodologies utilizing photoresist developer and an acetone solution were investigated. The developer is a highly basic solution (pH 13-14) consisting of sodium hydroxide, sodium tetraborate, boric acid and water; for this application, it was mixed with sodium phosphate buffer (0.1 M, pH 7) at ratios of 1:3 and 1:5 which resulted in a decrease in the pH of the mixture to values of ∼9 and ∼8 respectively. These milder conditions were necessary to avoid destabilization of the virus structure. The chips were immersed in the solution and placed on a hotplate heated at 55
• C to accelerate the photoresist removal process. This temperature was selected again based on literature findings regarding the virus stability in certain temperature ranges [8] . Lift-off in acetone was more straightforward and involved immersion of the die in the solvent at room temperature. In both cases, slight manual agitation was applied periodically to assist the process. The developer-based process was, as expected, slower and required 5-7 h for patterning of features down to 10 µm. Smaller features required treatment up to 30 h to be completely resolved and partial structural destabilization was observed for such long process times. In all cases, continuous agitation accelerated the lift-off rate. On the other hand, gold/virus lift-off in acetone proceeded at a faster pace (1-2 h for similar feature sizes). It was also observed that in the wafers without the shallow-etched trenches photoresist removal was even slower. After completion of the process, the samples were rinsed in DI water and dried on a hotplate at 40
• C. Figures 3(a) and (e) show optical images of chips patterned in the developer mixture (1:5) and acetone respectively. It can be clearly seen that gold features have been lifted off from the silicon substrate. The nanostructure of the patterned surfaces was investigated using an atomic force microscope. Figures 3(b) and (f) show height scans of untreated TMV surfaces on gold substrates which were used as control while figures 3(c), (g), (d) and (h) are scans of gold and silicon areas from the samples of figures 3(a) and (e) respectively. In all images it is seen that, unlike the case of the metal-coated TMV, the viruses lay flat on the substrate as a result of the drying process since there is no coating layer to provide the three-dimensional support. The interface between the gold and silicon surfaces on chips patterned using developer mixed with PBS in a 1:3 ratio and acetone are shown in figure 4 where the selectivity in TMV patterning is clearly demonstrated. By comparing the untreated and developer-patterned surfaces it can be observed that the mildpH lift-off process does not affect the virus structure when the dilution is performed in the range of 1:3 to 1:5. On the other hand, samples treated in the solvent solution show a different morphology compared to the untreated TMV as evident from the height scan in both the gold and silicon areas as well as the height and phase images of figure 4 that show additional virus fragments on the surface. This is attributed to precipitation of the coat proteins in acetone which results in unfolding as well as fracturing of the virus particles and successive irregular assembly across the chip area.
The post-patterning chemical functionality of the uncoated TMV was investigated for both techniques by attempting metallization of the structures. Optical microscope inspection was employed to determine that the gold areas were removed from the silicon substrate. Once successful photoresist removal was verified, the samples were gently rinsed in a PBS solution without prior drying and then metallized with nickel using the two-step process described earlier. Figures 5(a) and (b) show characteristic SEM images of chips patterned in developer (5:1) and acetone respectively. It is observed in both cases that the TMV is successfully metallized. In the developerprocessed specimens a small number of fragments were found in the silicon areas, which could be due to re-deposition of solution-excess viruses during the lengthy process. This effect is more pronounced however when TMV is immersed in acetone as was indicated in the AFM analysis as well. In addition to cases of TMV fragments, poor coverage of the substrates was occasionally observed in acetone.
In conclusion, two lift-off methodologies for the patterning of uncoated TMV on microfabricated structures have been successfully developed. The developer-based process is lengthy as several hours are required to resolve virus-coated structures as small as 10 µm however no structural degradation or difference in morphology compared to untreated surfaces has been observed during these times. When the process is performed in acetone, features are lifted off faster but negative effects on the virus structure have been noticed with variability even on the same substrate. Since postpatterning chemical functionality is maintained, depending on the requirements of a specific process, the most suitable of the two techniques can be adopted.
Assembly of coated TMV on three-dimensional geometries
Assembly of high aspect ratio nanostructures on threedimensional microstructures is a very attractive approach in applications where increased surface area in the out-ofplane dimension is particularly beneficial, such as microfluidic wicking structures and active battery electrodes. The selfassembly properties of the virus in simple solution-based reactions and the functional groups on its surface enable the integration of the TMV-templated materials into such complex architectures. Two methods were investigated to demonstrate the feasibility of this three-dimensional assembly; the first method is a direct extension of the in-plane biofabrication and utilizes silicon substrates etched using DRIE and sputtered with metal layers. The second process was inspired by findings of our previous work, where it was observed that TMV adheres to polymers as well [8] . Here, SU-8 is employed for the fabrication of microstructured surfaces on which assembly of the nickel-coated viruses is achieved.
Following the microfabrication processes described in section 2, individual chips from both wafers were coated with TMV and nickel. SEM images of the coated substrates as well as close-up views of the textured surfaces are shown in figure 6 . The mechanism that enables TMV attachment onto SU-8 has not been clearly defined. The effect of the cysteine mutation was investigated by the addition of diethyl-triethol (DTT) to the virus solution, a chemical that can impede the functionality of the cysteine amino acid. Little or no difference was observed however in the density of the coated TMV on SU-8 after this treatment, indicating that the engineered cysteine residues do not play a direct role in SU-8 attachment.
Comparison of these two processes indicates that, while silicon etching allows the realization of higher aspect ratio structures than SU-8 and can be used in applications where a conductive substrate is required, sidewall coverage was not as consistent as in the polymer case. More specifically, cases were identified in the silicon structures where both interior sidewalls and bottom surfaces (in between features) were not as densely coated as other similar features even on the same chip ( figures 7(a)-(c) ). Similar variability was not seen in SU-8.
These observations indicate that diffusion of the liquid through the high aspect ratio structures as well as insufficient gold coverage and difference in wettability of the gold-sputtered silicon and SU-8 surfaces must be among the causes for this inconsistency.
The effect of liquid diffusion and surface wettability was investigated by stirring the TMV and electroless plating solutions. This was achieved by placing the chips vertically inside a 10 ml beaker with the aid of a three degree of a freedom stage and placing the assembly on a hotplate to provide magnetic actuation. It was observed that stirring results in consistently denser sidewall coverage; however, fragmentation of the TMV especially on the exposed top surfaces was a negative side effect ( figures 7(d)-(f) ). Based on these results, better utilization of the silicon structures can be achieved by using coatings that can decrease surface tension, adopting alternative geometries (e.g. cylindrical posts) or by adjusting the lateral distance between structures such that liquid can easily access all features of interest.
In situ core-shell nanostructure synthesis using ALD
The diverse nature of nanomaterial applications requires the existence of templates that can be versatile and allow synthesis of a broader range of functional surfaces. The previously developed templating methodologies have been limited to the use of electroless plating reactions for the decoration of TMV with inorganic particles. Utilizing these metallic templates other micro/nanofabrication approaches can be integrated into TMV-based materials synthesis. ALD is a unique deposition method that is ideally suited for uniform coating of high aspect ratio surfaces. In this work, the feasibility of conformal deposition of materials onto the nickel-coated TMV surface was investigated. Two established recipes for aluminum oxide (Al 2 O 3 ) and titanium oxide (TiO 2 ) were used as a proof-ofconcept demonstration; however, this method can be expanded to include any material that can be deposited using ALD.
Samples for ALD deposition were prepared using the photolithographic patterning technique described in section 3.1. The utilization of patterned chips was preferred over plain nickel-coated surfaces because it provides consistent locations for SEM characterization before and after deposition. In this experiment, a lower concentration of TMV1cys was selected, typically 0.05 or 0.075 mg ml −1 . At lower concentrations, the packing density of the nanostructured materials is decreased and this facilitates easier imaging of individual virus particles. SEM images of nickel-coated TMV surfaces before and after deposition of 30 nm of TiO 2 are shown in figure 8 . Comparison of the rod diameters on the marked vertically-aligned particles 1-3 shows an increase after the ALD process. This increase has been estimated using ImageJ software to be on the order of 30 nm, which was the intended thickness based on the processing parameters.
The coating uniformity was further investigated using cross-sectional transmission electron microscopy (TEM). Figures 9(a) and (b) show the side and bottom view of an individual TMV particle while figures 9(d)-(f) contain the corresponding energy-dispersive x-ray spectroscopy (EDS) data of the particle in the inset ( figure 9(c)) . Oxygen is present due to both the Al 2 O 3 as well as nickel that has been oxidized. The absence of any signal from nickel until approximately ∼25 nm indicates the excellent coating uniformity of the alumina layer.
ALD has been previously employed by other researchers for TMV coating.
Knez et al demonstrated a room temperature deposition process for the decoration of TMV with layers of alumina and titania [20] . In the work presented here, two significant advancements have been achieved. Deposition of composite materials on the nickel-coated virus surface expands the toolbox of available processes since the structure of the virus is entirely protected by the thin metal coating thus allowing higher-temperature recipes to be applied without structural degradation of the virus. Tuning of the layer thicknesses is also possible by adjusting the deposition parameters for electroless plating and ALD steps. Additionally, the surface-attaching properties of the cysteinemodified TMV1cys as well as the photolithographic patterning capability enable in situ synthesis of the desired materials without any requirement for post-integration in a device or substrate since the ALD and coated TMV lift-off processes could be combined for selective deposition of the films.
Conclusion
The development of novel fabrication methodologies for the synthesis and patterning of nanostructured materials using the Tobacco mosaic virus was presented in this paper. Metal-coated as well as uncoated TMV have been lithographically patterned using a lift-off process that relies on selective photoresist and metal layer removal from a silicon substrate leaving the viruses on clearly-defined surfaces. Uncoated viruses maintain their chemical functionality after fabrication which was verified through metallization with a thin nickel layer. This fabrication approach is simple as it requires only one photolithography step and no particular surface modification.
It is versatile since it can be expanded to multiple virus-templated materials while the wafer level scalability enables integration into high-throughput manufacturing processes. The robustness of the metalcoated TMV templates and their patterning ability has been utilized in the development of two additional processes. The assembly of the nickel-coated nanostructures on threedimensional microstructures fabricated in silicon and SU-8 was demonstrated. Finally, uniform coating of patterned nickelcoated TMV structures with layers of alumina and titania using an ALD process allows the incorporation of more functional materials in this templating approach through the formation of core/shell TMV-nickel/metal oxide heterostructures. Results from this work demonstrate an alternative route to bridging the worlds of bionanotechnology and microfabrication through the combination of top-down and bottom-up processes. These developed methods will serve as the foundation for efficient integration of templated nanostructures in applications such as high sensitivity and selectivity sensor arrays, complex micro/nanostructures with controlled texture surfaces as well as nanostructured electrodes and catalysts for microfabricated energy storage devices.
